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Phospholipid–cholesterol interactionThe structural transitions in aqueous dispersions of egg-sphingomyelin and bovine brain-sphingomyelin and
sphingomyelin co-dispersed with different proportions of cholesterol were compared during temperature
scans between 20° and 50 °C using small-angle and wide-angle X-ray scattering techniques. The Bragg
reﬂections observed in the small-angle scattering region from pure phospholipids and codispersions of
sphingomyelin:cholesterol in molar ratios 80:20 and 50:50 could all be deconvolved using peak ﬁtting
methods into two coexisting lamellar structures. Electron density proﬁles through the unit cell normal to the
bilayer plane were calculated to derive bilayer and water layer thicknesses of coexisting structures at 20° and
50 °C. Codispersions of sphingomyelin:cholesterol in a molar ratio 60:40 consisted of an apparently
homogeneous bilayer structure designated as liquid-ordered phase. Curve ﬁtting analysis of the wide-angle
scattering bands were applied to correlate changes in packing arrangements of hydrocarbon in the
hydrophobic domain of the bilayer with changes in enthalpy recorded by differential scanning calorimetry. At
20 °C the wide-angle scattering bands of both pure sphingomyelins and codispersions of sphingomyelin and
cholesterol could be deconvolved into two symmetric components. A sharp component located at a d-
spacing of 0.42 nm was assigned to a gel phase in which the hydrocarbon chains are oriented perpendicular
to the bilayer plane. A broader symmetric band centered at d-spacings in the region of 0.44 nmwas assigned
as disordered hydrocarbon in dispersions of pure sphingomyelin and as liquid-ordered phase in
codispersions of sphingomyelin and cholesterol. It is concluded from the peak ﬁtting analysis that
cholesterol is excluded from gel phases of egg and brain sphingomyelins at 20 °C. The gel phases coexist with
liquid-ordered phase comprised of egg-sphingomyelin and 27 mol% cholesterol and brain-sphingomyelin and
33 mol% cholesterol, respectively. Correlation of the disappearance of gel phase during heating scans and the
enthalpy change recorded by calorimetry in codispersions of sphingomyelin and cholesterol leads to the
conclusion that a major contribution to the broadened phase transition endotherm originates from dilution
of the cholesterol-rich liquid-ordered phase by mobilization of sphingomyelin from the melting gel phase.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.1. Introduction
The plasma membrane represents the boundary between living
cells and their environment. Receptors are present in the membrane
that receive external signals and transduce these signals across the
membrane to activate executor proteins that put in train an
appropriate physiological response. Given the multitude of signals to
which cells are equipped to respond it is not surprising that
mechanisms such as separation of functional domains are in place to
ensure the ﬁdelity of the individual signal transduction pathways and
their timely assembly and dissipation.
It is well known that the lipids and proteins are arranged
asymmetrically across the membrane. The orientation of membrane+44 207 8484500.
09 Published by Elsevier B.V. All rigproteins is established during membrane biosynthesis and lipid
asymmetry is achieved through the active translocation by transpor-
ters dedicated to this purpose in biological membranes. More recently
attention has been focussed on the non-random lateral arrangement
of membrane constituents. There is mounting evidence that compart-
ments are created of varying size and time scales and that the process
is intimately linked to the transduction of molecular signals across the
membrane [1]. The forces responsible for driving compartmentaliza-
tion are currently a focus of attention. The current hypothesis is the
lipid phase separation model in which transient domains of
molecularly-ordered lipids, so called membrane rafts, act as platforms
for the assembly of speciﬁc signalling proteins that are distinct from
the surrounding ﬂuid lipid bilayer matrix [2–6].
Central to testing the hypothesis is the isolation of membrane rafts
from cell plasma membranes and examining their properties. The
strategy adopted is to exploit the differential resistance to destruction
of ordered and disordered lipid structures in detergents. The results tohts reserved.
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generate membranes retaining their original organization [7,8]. A
rigorous protocol has recently been published where individual
membrane raft populations have been isolated [9]. Lipid analysis of
raft preparations indicates a consistent enrichment of saturated
molecular species of membrane lipids [10] and a predominance of
sphingomyelin over phosphatidylcholine [11].
Sphingomyelin and cholesterol, a sterol found abundantly in the
membranes of eukaryotic cells, are known to form domains of liquid-
ordered phase in membranes [12] and to phase separate from bilayers
of ﬂuid phase lipids [13,14]. The liquid-ordered phase was ﬁrst
characterised by ESR spectroscopic probe techniques in glyceropho-
spholipid:cholesterol [15] and sphingomyelin:cholesterol mixed aqu-
eous dispersions [16] and recent spectral simulation methods have
identiﬁed nanometer-sized sites in binary mixtures of egg-sphingo-
myelin and cholesterol [17]. Differential scanning calorimetric studies
of aqueous dispersions of a range of natural and synthetic sphingo-
myelins and cholesterol show the presence of two main endothermic
peaks, one sharp indicating a cooperative transition and another
broad component signifying a domain of different composition from
that contributing to the sharp component [18,19]. From this it was
concluded that cholesterol does not distribute randomly within the
bilayer when cooled below the phase transition temperature of the
phospholipid. Thus during the cooling process cholesterol tends to be
excluded from domains forming gel phase and becomes enriched in
the remaining ﬂuid phase. This was consistent with the progressive
disappearance of the sharp endothermic transition with increasing
proportions of cholesterol in the mixture. Conversely, the enthalpy of
the broad component tended to increase with mixtures up to about
20 mol% cholesterol and thereupon decreased. The afﬁnity of binding
of cholesterol to sphingomyelin thus appears to be weaker than the
van der Waals forces and intermolecular hydrogen bonding that come
into play during formation of a gel phase.
The present synchrotron X-ray diffraction study was undertaken to
investigate the structural changes associated with the thermotropic
phase behaviour observed by calorimetry and to reconcile existing
structural data with the picture of the building up of the liquid-
ordered phase obtained from ESR spectroscopic probe techniques
indicating nanometer-sized and/or nanosecond transient interactions
[17]. We report the results of a detailed analysis of the changes in
hydrocarbon chain packing arrangements that take place over the
temperature range 20° to 50 °C that allow a more accurate
interpretation of the calorimetric and ESR data.
2. Materials and methods
2.1. Lipid samples
Egg-yolk sphingomyelin (eggSM), bovine brain sphingomyelin
(brainSM) and cholesterol were purchased from Sigma (Sigma-
Aldrich, St. Quentin-Fallavier, France). A complete lipid analysis of
each phospholipid was performed by ESI-tandem MS and the
complete data have been reported elsewhere [20]. The overall fatty
acid composition of the phospholipids was also examined by gas
chromatography/mass spectrometry to conﬁrm the absence of
detectible fatty acid degradation after exposure to the synchrotron
X-ray beam (approximately 10% of the sample is exposed to the direct
X-ray beam). EggSM is mostly amidiﬁed with palmitic acid (N65%)
and there are relatively smaller amounts of stearic and very long-
chain fatty acids (C22:0, C24:0 and C24:1) (b10%). BrainSM has a
more complex molecular species composition than eggSM with a
predominance of fatty acids amidiﬁed to sphingosine with hydro-
carbon chain lengths C18:0, C20:0, C22:0 and C24 with some
unsaturated (C24:1) and hydroxylated fatty acids. Sphingosine (d-
C18:1) and sphinganine (d-18:0) are the only long-chain bases in the
natural SM investigated.Samples for X-ray diffraction examination were prepared by
dissolving lipids in warm (45 °C) chloroform/methanol (2:1, vol/vol)
and mixing them in the desired proportions (denoted as molar ratios
in binary mixtures). The organic solvent was subsequently evaporated
under a stream of oxygen-free dry nitrogen at 45 °C and any remaining
traces of solvent were removed by a storage under high vacuum for
2 days at 20 °C. The dry lipids were hydrated with an equal weight of
water. This was sufﬁcient to fully hydrate eggSM [21] and brainSM
[22], respectively. The lipids were stirred thoroughly with a thin
needle, sealed under argon, and annealed by 50 thermal cycles
between 20° and 65 °C ensuring a complete mixing of phospholipids.
The samples were stored under argon at a temperature not below 4 °C.
X-ray diffraction examination was performed after a 5 h sample
equilibration at 20 °C and after careful stirring before transfer into the
measurement cell. In order to check for possible dehydration or
demixing of the components various control measurements were
undertaken such as checking for reversibility of phase behaviour
during subsequent heating and cooling cycles. The samples were also
checked for the absence SAXS and WAXS diffraction peaks from
crystals of cholesterol. The mean transition temperatures of lipids
were found in the expected range documented in the data bank Lipid
Data Bank (LDB, http://www.ldb.chemistry.ohio-state.edu).
2.2. Synchrotron X-ray diffraction measurements
X-ray diffraction measurements were performed at station 2.1 of
the Daresbury Synchrotron Radiation Source (Cheshire, UK). The X-
ray wavelength was 0.154 nmwith a beam geometry of ∼0.2×0.5 mm
in a mica sandwich cell with a surface of 2×5 mm. Simultaneous
small-angle (SAXS) and wide-angle X-ray scattering (WAXS) inten-
sities were recorded so that a correlation could be established
between themesophase repeat spacings and the packing arrangement
of acyl chains. The SAXS intensity was recorded on a 2-D RAPID
detector and the signal circularly integrated to give a 1-D pattern. The
WAXS intensity was recorded with a 1-D HOTWAXS detector. The
sample to SAXS detector distance was 1.5 m and calibration of d-
spacings was performed using silver behenate (d=5.838 nm). The
wide-angle X-ray scattering intensity proﬁles were calibrated using
the diffraction peaks from high-density polyethylene [23]. The lipid
dispersion (20 μl) was sandwiched between two thin mica windows
0.5 mm apart and the measurement cell was mounted on a
programmable temperature stage (Linkam, Surrey, UK). The tempera-
ture was monitored by a thermocouple inserted directly into the lipid
dispersion [Quad Service, Poissy, France]. The setup, calibration, and
facilities available on Station 16.1 are described comprehensively in
the website; http://www.srs.dl.ac.uk/ncd/station21. Data reduction
and analysis were performed using OriginPro8 software (OriginLab
Corp.).
Powder patterns recorded on image plates from aqueous disper-
sions of pure eggSM and brainSM at temperatures above and below
the gel to liquid-crystal phase transition temperatures are shown in
the Supplementary material (Fig. 1S). The patterns show coexisting
lamellar repeat structures out to ﬁve or more orders of reﬂection in
the small-angle region. The intensity of the wide-angle scattering
band is not appropriate to discern a detailed proﬁle in these images.
2.3. Analysis of X-ray diffraction data
The small angle X-ray scattering intensity proﬁles were analyzed
using standard procedures [24]. Polarization and geometric correc-
tions for line-width smearing were assessed by checking the
symmetry of diffraction peaks in the present camera conﬁguration
using a sample of silver behenate (d=5.838 nm). The orders of
reﬂection could all be ﬁtted by Gaussian+Lorentz symmetrical
functions with ﬁtting coefﬁcients greater than R2=0.99. Deconvolu-
tion is consistent with the sample to detector distance used [25].
1879P.J. Quinn, C. Wolf / Biochimica et Biophysica Acta 1788 (2009) 1877–1889The scattering intensity data from the ﬁrst ﬁve orders of the Bragg
reﬂections from the multilamellar liposomes were used to construct
electron density proﬁles [26]. After correction of the raw data by
subtraction of the background scattering from both water and the
sample cell, each of the Bragg peaks were ﬁtted by a Lorentzian+
Gaussian (Voigt) distribution by peak ﬁtting performed using PeakFit
4.12 (Systat Software Inc.). A representative peak ﬁt analysis of a
dispersion of brainSM:cholesterol, 80:20 mixture equilibrated at 20 °C is
presented in Fig. 2S of the Supplementary material.
The square root of integrated peak intensity I(h) is used to
determine the form factor F(h) of each respective reﬂection:
F hð Þ = h
ﬃﬃﬃﬃﬃﬃﬃﬃ
I hð Þ
q
; ð1Þ
h=order of peak reﬂection, I(h)=integrated intensity of each
respective reﬂection.
The electron density proﬁle is calculated by the Fourier synthesis:
ρ zð Þ =
X
FF hð Þ cos 2πh z = dð Þ; ð2Þ
d=dspacing=dpp+dW (dpp: phosphate–phosphate bilayer thickness,
dW: hydration layer) at a resolution of d/2hmax≈1 nm for 5 orders.
The phase sign of each diffraction order is either positive or
negative for a centro symmetric electron density proﬁle for lamellar
phases. The phasing choice for the lamellar gel and liquid-crystal
phases (− −+− −) were taken because uniquely this single
combination of signs provides the expected electron density proﬁle
with the minimum density appropriately located at the bilayer centre,
the maxima at the 2 electron rich interfaces and the hydration layer
density (0.33 e−/A3) at the intermediate value on the relative electron
density scale. All other phase combinations result in aberrant
distributions. This choice of phases is identical to structure factors
derived for brainSM and an equimolar mixture of brainSM and
cholesterol using osmotic swelling methods [27].
Deconvolution of the WAXS intensity peaks was also undertaken
using PeakFit software. No corrections for polarization or geometric
factors were necessary with the HOTWAXS detector. Scattering in the
WAXS region originates predominantly from hydrocarbon chains of
the phospholipids with a diffuse scattering contribution from the
polar head-groups. The current theory underlying the scattering has
been discussed elsewhere in derivation of molecular order parameters
from WAXS intensities recorded from oriented bilayers [28]. In
disordered ﬂuid phases contributions to theWAXS scattering intensity
proﬁle originate from a distribution of interchain packing distances.
The distribution of chain orientations is assessed by the time-averaged
angle between the molecular axis and the bilayer normal. High
molecular order corresponds to a high order parameter, Smol. It is
reﬂected in a relatively narrow distribution of acyl chain orientation
and is correlated with a narrow WAXS peak-width such as observed
for the gel state. However, in unoriented multibilayer arrays the
scattering is also inﬂuenced by the multiple orientations of diffraction
units relative to the incident beam. The width of the diffraction peak is
therefore inﬂuenced by (1) the distribution of acyl chain orientations
and (2) the distribution of the local directors of the phase which
increases as the gel melts around Tm into multiple microdomains
reorienting independently of one another. In contrast to oriented
bilayers [28] no quantitative information such as a molecular order
parameter can be derived from a non-oriented preparation to assess
the chain orientation or the domain size. Thus an analysis of WAXS
intensity proﬁles is limited to information about the average distance
between chains reorienting by rotational diffusion around the normal
to the bilayer plane. In the case of hydrocarbon chain packing in gel
phase the chains may be oriented normal to the bilayer plane (the
molecular order parameter is close to 1) giving rise to a sharp
symmetrical reﬂection at a d-spacing corresponding to the average
interchain spacing. A peak ﬁt analysis of the WAXS intensity band ofthe type undertaken in this study is only valid if the chains are rotating
around a local director perpendicular to the plane of the bilayer.
Evidence supporting this assumption is reported by McIntosh et al.
[27] who found that the wide-angle patterns from bilayers of brainSM
and C24-SM at 20 °C contained reﬂections centered at 0.415 nm, a
spacing typical for phospholipids in the gel phase. The reﬂections
extended from 0.412 to 0.417 nm and were broader than very sharp
reﬂections observed for gel phase bilayers with untilted hydrocarbon
chains. From electron density calculations they concluded that
because C24-SM does not have a pronounced trough in the bilayer
center, said to result from localization of the methyl groups at the
chain termini, and the distance between the peaks of electron density
attributed to the phosphate groups is too short to accommodate fully
extended chains so the chains must be at an angle of 27° to the bilayer
normal. There is, however, a trough in electron density in bilayers of
brainSM at 20 °C (Fig. 3) which is inconsistent with this model and
they argue that the chain tilt is probably somewhat less for brainSM
compared to C24-SM. Indeed there is scant evidence to contradict the
conclusion of Tardieu et al. [29] that “Lβ' conformation requires a
chemical homogeneity of the hydrocarbon moiety since the β'
conformation is observed in synthetic lecithins with identical
saturated chains, apparently not in C18–C10-PC nor in eggPC;”. The
second type of evidence is the shape of the WAXS intensity band. The
powder pattern of chains in β' conﬁguration is characterised by a
sharp peak in the region of 0.41–0.42 nmwith a shoulder on the high-
angle side of the peak as reported in synthetic phosphatidylcholines
[30,31]. The WAXS intensity proﬁle described by McIntosh et al. [27]
for brainSM (above) indicates that if the chains are tilted the angle
with respect to the bilayer normal is relatively small. The WAXS
proﬁles we observe are clearly distinct from chains in β' conﬁguration
and are more akin to the proﬁle designated as αβ structure by Ranck
et al. [32]. The question of chain tilt does not arise in mixtures with
cholesterol as it has long been known that hydrocarbon chains of
phospholipids are oriented perpendicular to the bilayer plane in the
presence of cholesterol [33]. In the present analysis of the WAXS
scattering proﬁles no evidence of Lβ' structure was observed in gel
phases formed by egg or brain sphingomyelin and all reﬂections in the
region of d=0.415–0.425 nm could be ﬁtted to symmetrical
Lorentzian+Gaussian functions. In presenting the peak width data
the ratio of amplitude/full width at half maximum amplitude is
plotted to provide an index of peak shape rather than purely peak
width which is more closely related to the state of molecular order of
the hydrocarbon.
Normalized (n) integrals of excess speciﬁc heat capacities (Cp)
were derived from published differential scanning calorimetric curves
using the relationship [34]:
n =
Z T
To
CpδT =ΔHcal; To = 20
C: ð3Þ
3. Results
To determine the effect of cholesterol on the structure and
thermotropic phase behaviour of sphingomyelin, aqueous dispersions
of binary mixtures of eggSM and brainSM containing varying
proportions of cholesterol were examined by synchrotron X-ray
diffraction during heating scans from 20° to 50 °C and on cooling to
10° or 20 °C. Powder patterns of the SAXS intensity region of samples
equilibrated at 20 °C, at 50 °C and on recooling to 10° or 20 °C are
presented in Fig. 1. After prolonged equilibration at 20 °C bilayers of
eggSM form a ripple structure with a periodicity of 12.5 nm seen as a
small peak at smaller angle than the ﬁrst-order of the lamellar repeat
structure (Fig. 1A). The Bragg reﬂections from the lamellar repeat
structure are broad and asymmetric indicating that coordination
within the bilayer stacks is relatively poor. A shoulder indicates that
more than one bilayer structure is present. The small peak on the
Fig. 1. Small-angle X-ray scattering patterns recorded from fully hydrated eggSM and
brainSM and codispersions of SM and cholesterol at 20 °C and after heating to 50 °C and
subsequent cooling to 20° or 10 °C at 2°/min.
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assigned previously to an interdigitated gel phase [17]. Heating to
50 °C results in a narrowing of the Bragg peaks, a decrease in lamellar
d-spacing and disappearance of the interdigitated and ripple
structures. Cooling to 20 °C shows a broadening of the peaks
indicating greater disorder in the smectic array and an absence of
interdigitated and ripple structures both of which require an extended
period of equilibration at low temperatures to be restored. JudgingTable 1
D-spacings, bilayer and water layer thicknesses of natural sphingomyelins and binary mixtu
Bragg Peak d-spacing EggSM EggSM–c
80:20
20 °C 50 °C 20 °C
Structure 1 d-spacing 6.68 6.47 7.13
dpp 4.16 3.94 4.95
dw 2.52 2.53 2.18
Structure 2 d-spacing 6.26 6.31 6.67
dpp 4.26 3.97 3.94
dw 2 2.34 2.73
BrainSM BrainSM–
Structure 1 d-spacing 7.86 7.23 8.08
dpp 5.5 4.3 5.35
dw 2.36 2.93 2.73
Structure 2 d-spacing 7.16 6.89 7.54
dpp 5.02 4.4 5.12
dw 2.14 2.49 2.42from the sharp scattering peaks addition of cholesterol induces a
signiﬁcant ordering of the bilayers at all temperatures and evidence of
ripple structure in samples equilibrated at 20 °C is absent. With the
exception of the mixture with proportions eggSM–chol, 60:40
asymmetric peaks indicate a non-random arrangement of the lipids
in the bilayers. However, the mixture comprised of molar proportion
60:40 is also shown to be heterogeneous on cooling to 10 °C as two
sets of lamellar repeats are observed. It is noteworthy that of the two
sets of lamellar repeats in the equimolar mixture of lipids the repeat
spacing of only one arrangement changes signiﬁcantly during the
heating and subsequent cooling scans.
Cholesterol, likewise, has an ordering inﬂuence on the bilayer
stacks of brainSM (Fig. 1B). There is no evidence of ripple phase in
equilibrated dispersions either in the presence or absence of
cholesterol (data not shown). Similarly to the 60:40 mixture of
eggSM–chol the lamellar reﬂections of brainSM appear symmetrical
but there is no hysteresis in the diffraction proﬁle observed on cooling
to indicate a heterogeneous distribution of lipids in the bilayer.
A peak ﬁtting analysis of all dispersions equilibrated at 20 °C and at
the completion of a heating scan at 50 °C are shown in Table 1. The
structural parameters of derived from the electron density calcula-
tions are also shown in the Table. This shows that all mixtures except
those of molar proportions SM–chol of 60:40 can be deconvolved into
two coexisting bilayer structures, denoted #1 and 2, at both 20 °C and
50 °C. Relative electron density proﬁles normal to the bilayer plane for
the deconvolved bilayer structures are presented in Fig. 2. Evidence
that the deconvolved lamellar phases are indeed different structures is
the fact that changes in the individual structures with temperature are
different. In the absence of cholesterol, bilayer thickness of both
structures in eggSM and brainSM decrease upon heating to 50 °C and
the overall trend of the change in d-spacing tended to be counteracted
by an increase in thickness of the interlamellar water layers. The
presence of cholesterol in codispersions with eggSM resulted in an
increase in the bilayer thickness of the bilayers of greater d-spacings
(arrangement #1) at both 20 °C and 50 °C. A similar effect of
cholesterol on the lamellar phase of greater d-spacing in mixtures
with brainSM is observed at 50 °C but not at 20 °C at which
temperature cholesterol causes a reduction in bilayer thickness. It is
noteworthy that structure #2 formed by eggSM mixed with
cholesterol shows no reduction in bilayer thickness with increasing
temperature which is commonly assigned to the increased acyl chain
disorder in the bilayer as observed for structure #1. There does not
appear to be any consistent trend in the effect of cholesterol on bilayer
thickness or inter-bilayer water dimensions in mixtures with either
phospholipid for the bilayer structures of smaller d-spacing.res of sphingomyelin and cholesterol derived from the data shown in Fig. 1.
holesterol
60:40 50:50
50 °C 20 °C 50 °C 20 °C 50 °C
6.8 7.33 7.19 6.41 6.43
4.62 4.51 4.32 4.62 4.5
2.18 2.82 2.87 1.79 1.93
6.74 6.25 6.18
4.69 4.53 4.55
2.05 1.72 1.63
cholesterol
7.39 7.13 6.97 6.83 6.91
5.18 5.14 4.88 4.89 4.84
2.21 1.99 2.09 1.94 2.07
7.16 6.42 6.34
5.01 4.66 4.56
2.15 1.76 1.78
Fig. 2. Plots of relative electron density proﬁles through the bilayer repeat of eggSM and brainSM and mixtures with designated molar proportions of cholesterol obtained for
deconvolved peak 1 (____) and peak 2 (…..) from the small-angle X-ray scattering patterns shown for liposomal suspensions in Fig. 1.
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undertaken to further investigate the effect of cholesterol on
hydrocarbon chain packing and its correlation with enthalpy changes
in dispersions of sphingomyelin and cholesterol recorded during
heating scans from 20° to 50 °C. The methods used for peak analysesand examples of deconvolutions of the WAXS intensity bands are
given in the Supplementary material (Fig. 3S). The WAXS intensity
band from pure eggSM (Fig. 3) can be deconvolved into a sharp peak
and a broad peak (Fig. 3C) of approximately equal intensity (Fig. 3B) at
temperatures up to about 30 °C where the onset of the main
Fig. 3. Plots of (A)WAXS d-spacings (B) scattering intensities (C) amplitude/full width at half maximumversus temperature recorded from an aqueous dispersion of eggSM during a
heating scan from 20° to 50 °C at 2°/min and (D) normalized integral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous dispersion of eggSM [35].
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at d=0.421 nm (Fig. 3A) becomes progressively sharper, decreases in
intensity and can no longer be detected at 40 °C when the
thermotropic transition is almost complete. The broad peak increases
in intensity and shifts to greater d-spacing, a variation consistent with
increasingly disordered hydrocarbon chains, as the phase at
d=0.421 nm, assigned to the gel component, is melting.
The effect of the presence of 10 mol% cholesterol on WAXS
intensity proﬁles in bilayers of eggSM is shown in Fig. 4. As with the
pure phospholipid theWAXS peak can be deconvolved into two peaks
of equal intensity at 20 °C (Fig. 4B) but the d-spacing of the broad peak
is now centered at d=0.44 nm (Fig. 4A). Heating above the
temperature of the onset of the thermotropic phase transition (Fig.
4D) results in a progressive broadening (Fig. 4C) and increase in d-
spacing of the sharp peak which decreases in intensity throughout the
transition and disappears above 41 °C. Indeed in the presence of
cholesterol the variation of the sharp component ofWAXS (increase in
d-spacing and broadening of the peak) with increasing temperature
are the opposite of that observed in the absence of cholesterol. The
effect of cholesterol is consistent with formation of bilayers with
molecular species of eggSM that comprise the broader of the two
WAXS peaks. The sharp peak centered at d=0.423 nm (20 °C) is likely
to consist of molecular species of sphingomyelin forming a separate
gel phase which progressively becomes disordered and transformed
into the cholesterol-rich structure as the temperature increases. The
most likely mechanism of this transformation is for cholesterol to
transfer from the cholesterol-rich structure to the ﬂuidizing gel phase.
This is consistent with the progressive increase in d-spacing expected
from a more disordered hydrocarbon arrangement and the inverse
changes in relative scattering intensity of the respective structures.
This interpretation is supported by the results obtained from an
analysis of the WAXS intensity proﬁles recorded from the eggSM–chol,
80:20 mixture (Fig. 5). The endothermic phase transition is broader
(Fig. 5D) but the presence of two peaks of d-spacings 0.429 nm and0.445 nm (20 °C) (Fig. 5A), respectively, is similar to that seen in the
mixture containing 10 mol% cholesterol. Fig. 5C shows an abrupt
sharpening of the diffraction peak of greater d-spacing in the range 35–
39 °C contrary to the broadening of the peak assigned to themelting gel.
The diffraction peak may sharpen at this point because a single phase
now dominates the structure with disappearance of gel phase from the
mixture. It can also be seen that the sharp peak assigned to gel phase
now represents only about 22% of the total scattering intensity (Fig. 5B)
and is relatively broader (Fig. 5C). Thus at 20 °C a greater proportion of
the phospholipid is present in the less ordered, cholesterol-rich phase
than in gel phase in the mixture containing 20mol% cholesterol than in
the mixture containing 10 mol% cholesterol. Judging from the relative
scattering intensities from the two structures (Fig. 5B) and the
molecularmasses of the respective lipids and assuming that cholesterol
is excluded from the gel phase at 20 °C the proportion of cholesterol in
the cholesterol-rich structure is about 27 mol% cholesterol.
When the proportion of cholesterol is increased to 40 mol% no gel
peak can be deconvolved from the WAXS intensity proﬁle which
consists of a single symmetrical scattering band centered at
d=0.45 nm (20 °C) (Fig. 6A). The scattering intensity (Fig. 6B)
remains relatively constant (variation of ±2%) during heating
throughout the widely extended endothermic phase transition from
20° to 80 °C (Fig. 6D). With increasing temperature there is a
progressive sharpening (Fig. 6C) and a shift to greater d-spacing of the
single scattering band. A maximum d-spacing of 0.465 nm is seen at
50 °C which corresponds to about the mid-point of the endothermic
transition which has a relatively small overall molar enthalpy value.
Marked differences are seen between eggSM and brainSM in their
WAXS intensity proﬁles during heating scans between 20° and 50 °C.
The peak centered at d=0.415 nm (20 °C) assigned to gel phase of
brainSM (Fig. 7A) dominates the scattering band (Fig. 7B) at the onset
of the thermotropic phase transition (Fig. 7D). The other broader peak
is centered at a greater d-spacing (d=0.435 nm, 20 °C) than the
corresponding peak in eggSM. Furthermore, while the intensity of the
Fig. 4. Plots of (A) WAXS d-spacings (B) scattering intensities (C) amplitude/full width at half maximum versus temperature recorded from an aqueous dispersion of eggSM–
cholesterol, 90:10 during a heating scan from 20° to 50 °C at 2°/min and (D) normalized integral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous
dispersion of eggSM–cholesterol; 91:9 molar ratio [35].
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integral Cp values, the d-spacing shifts to greater d-spacing and
becomes progressively broadened (Fig. 7C), unlike eggSM where the
peak becomes sharper on approaching completion of the phase
transition. An interpretation of the results of the analysis of the WAXS
intensity proﬁles is that the packing of the hydrocarbon of the
molecular species of brainSM with a C-24:1 chain is relatively
disordered and gives rise to the peak centered at a d-spacing
intermediate between gel and liquid-crystal phases.
Addition of 20mol% cholesterol to brainSM has a similar effect to an
equivalent proportion of cholesterol co-dispersed with eggSM. The
results of an analysis of theWAXS intensity band are presented in Fig. 8.
The thermotropic phase transition occurs over the temperature range
20 °C to 45 °C (Fig. 8D). The sharp diffraction peak (Fig. 8C) observed
at a d-spacing of 0.422 nm (20 °C) (Fig. 8A) shifts progressively to
d=0.44 nm during the phase transition without loss of intensity (Fig.
8B) over the ﬁrst half of the transition. The peak sharpens on heating
to 30 °C after which the peak broadens and decreases in relative
intensity. The ﬁnal stage of the endothermic transition above 35 °C is
associated with an increase in the d-spacing, intensity and sharpness
of the single remaining WAXS peak.
Mixtures of brainSM–chol, 60:40 do not produce a detectible
endothermic phase transition and only a single peak can be ﬁtted to
the scattering band (Fig. 9). The d-spacing of this peak (d=0.451 nm,
20 °C) (Fig. 9A) increases and sharpens (Fig. 9C) without change in
intensity (Fig. 9B) throughout the heating scan from 20 °C to 50 °C.
Thus, like eggSM, there is no evidence of formation of a separate gel
phase in brainSM in mixtures with 40 mol% cholesterol.
4. Discussion
In our earlier study of the formation of Lo phase in eggSM–
cholesterol mixtures based on X-ray diffraction and ESR spectroscopywe were able to distinguish two environments differing in molecular
order and dynamics of spin-label reorientation in mixtures containing
less than 30mol% cholesterol using ESR probe techniques whereas only
a single structure could be identiﬁed by diffraction methods [17]. The
present study was performed using an improved, parallax-free WAXS
detector based on microstrip gas chamber technology [38] allowing a
more detailed examination of the packing arrangements of hydrocarbon
in the bilayer structures formed by SM–cholesterol to be undertaken.
The results of thisHighOverall ThroughputWide-AngleX-ray Scattering
(HOTWAXS) detector have already been positively assessed [39].
The order of the hydrocarbon chains of phospholipids characterised
by X-ray scattering intensity proﬁles has been deﬁned as α, liquid-
crystal; β, gel and αβ which is the coexistence of gel and ﬂuid
structures [32]. Analysis of the WAXS scattering intensity proﬁle of
mixedmolecular species represented by sphingomyelins from egg and
bovine brain indicate a packing arrangement at temperatures below
Tm in a modiﬁed form of αβ conﬁguration. In the case of eggSM the α
and β conﬁgurations are equally represented and the d-spacings are
both close to the β-arrangement. BrainSM also exhibits two coexisting
packing arrangements in which the β-structure dominates at 20 °C.
The modiﬁed α-structure has a d-spacing intermediate between gel
and liquid phases and the proportion of α-structure relative to β-
structure increases progressively up to 41 °C above which only α-
structure is observed.
The endothermic transition of eggSM has previously been reported
to be asymmetric and assigned as arising from a fully reversible
cooperative gel to liquid-crystal phase transition [40,41]. Analyses of
the SAXS/WAXS proﬁles of fully hydrated eggSM indicates that the
structural changes that take place over the temperature range of the
transition are complex and each component may contribute to the
overall enthalpy change of the transition. The SAXS data, for example,
shows that a proportion of the bilayers are arranged in the form of an
interdigitated structure which is ﬁrstly converted to a non-interdigi-
Fig. 5. Plots of (A) WAXS d-spacings (B) scattering intensities (C) amplitude/full width at half maximum versus temperature recorded from an aqueous dispersion of eggSM–
cholesterol, 80:20 during a heating scan from 20° to 50 °C at 2°/min and (D) normalized integral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous
dispersion of eggSM–cholesterol; 77:23 molar ratio [35].
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liquid-crystal phase [17]. Analysis of theWAXS proﬁle is not consistent
with previous reports that the gel phase of C16:0-SM [42] and theFig. 6. Plots of (A) WAXS d-spacings (B) scattering intensities (C) amplitude/full width at
cholesterol, 60:40 during a heating scan from 20° to 50 °C at 2°/min and (D) normalized integ
dispersion of eggSM–cholesterol; 60:40 molar ratio [35].ripple phase of eggSM [43] have acyl chains tilted with respect to the
bilayer normal. In the case of eggSM the assignment was made on the
similarity in overall width of the peak with that observed in the ripplehalf maximum versus temperature recorded from an aqueous dispersion of eggSM–
ral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous
Fig. 7. Plots of (A)WAXS d-spacings (B) scattering intensities (C) amplitude/full width at half maximum versus temperature recorded from an aqueous dispersion of brainSM during
a heating scan from 20° to 50 °C at 2°/min and (D) normalized integral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous dispersion of bovine
brainSM [36].
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asymmetric shape of the peak. Examination of the WAXS intensity
proﬁles of eggSM recorded using theHOTWAXSdetector indicates that
the scattering band can be deconvolved into two symmetric proﬁles,
one sharp and the other broad, located at similar d-spacings
(0.422 nm). The asymmetry of the endothermic transition appears to
be due, in part, to conversion of components contributing to the sharp
WAXS peak into those represented by the broadWAXS peak, the onset
of which takes place at temperatures in the region of 25 °C and is not
detected by calorimetry.
Thermotropic studies of the effect of cholesterol on dispersions of
eggSM consistently show that the range of temperatures over which
the endothermic transition takes place is extended and the enthalpy
of the transition decreases with increasing proportions of cholesterol
in the mixture. The reason for these effects is clearly seen from the
thermotropic changes in the WAXS proﬁles of the binary SM–
cholesterol mixtures. The single phase of eggSM–cholesterol formed
in the 60:40mixtures has previously been assigned on the basis of ESR
measurements as a homogeneous Lo phase [17]. The two-component
WAXS proﬁles seen in mixtures containing lower proportions of
cholesterol can be assigned as coexisting gel and Lo structures at 20 °C.
The thermotropic transition between these two phases has been
deconvolved into two endothermic transitions, one sharp and the
other broad [44–48]. The assignment of the sharp endotherm to
transition of gel phase phospholipid to liquid-crystal phase and the
broad transition to an endothermic transition of a cholesterol-rich
phospholipid phase does not appear to be consistent with the
structural transitions observed with the changes in hydrocarbon
chain packing arrangements. Clearly the cholesterol-rich phase does
not undergo any abrupt structural transition although the structural
parameters of the cholesterol-rich phases are temperature dependent.
Furthermore, the proportion of the binary mixture assigned as gel
phase decreases with increasing proportions of cholesterol suggestingthat cholesterol can be excluded from the gel phase to an extent
limited by the proportion of cholesterol in the coexisting cholesterol-
rich SM phase. Calculations of the amount of sphingomyelin in the
cholesterol-rich phase from relative scattering intensities of the two
deconvolved WAXS intensity peaks show that the cholesterol is
present in the cholesterol-rich structure in proportions of about
27 mol% and 33mol% in eggSM and brainSM, respectively, in mixtures
with overall molar proportions of 80:20 eggSM/cholesterol.
The molecular mechanism of the endothermic transition observed
by calorimetry can be divided into two processes. The ﬁrst is the
disappearance of gel phase exempliﬁed bya decrease in the proportion
of the total scattering intensity of the sharp component of the WAXS
intensity proﬁle and a corresponding increase in the broad component
assigned as cholesterol-rich phase. This means that sphingomyelin
molecules derived from gel phase become incorporated into the
cholesterol-rich phase. The second is the exposure of domains of gel
phase sphingomyelin to cholesterol present in the cholesterol-rich
phase. The progressive increase in WAXS d-spacing suggest that the
boundary regions between the cholesterol-rich phase and gel phase
represent intermediate structures in a continuous transition between
gel and Lo phases rather than a two-state transition where only the
initial and ﬁnal states can be detected [49]. Likewise, the progressive
increase inWAXS d-spacing with increasing temperatures above 41 °C
when gel phase can no longer be detected suggests a continuous
transition of the liquid-ordered phase to a more disordered state.
The sharp endothermic transition observed in calorimetric scans
can therefore be conﬁdently assigned to transition of domains of pure
sphingomyelin from gel phase to a more disordered state. The factors
contributing to the broad endotherm are more problematic. A
contribution to the overall enthalpy change from disordering of the
gel phase and incorporation of sphingomyelin into the coexisting
liquid-ordered phase is limited to temperatures less than 41 °C as no gel
phase can be detected at higher temperatures. It can be seen from Figs.
Fig. 8. Plots of (A) WAXS d-spacings (B) scattering intensities (C) amplitude/full width at half maximum versus temperature recorded from an aqueous dispersion of brainSM–
cholesterol, 80:20 during a heating scan from 20° to 50 °C at 2°/min and (D) normalized integral of speciﬁc heat capacity (Cp) derived from a thermogram obtained from an aqueous
dispersion of bovineSM–cholesterol; 80:20 mol ratio [37].
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temperatures greater than 41 C in eggSM:cholesterol mixtures of 90:10
and 80:20, respectively. In molar enthalpy terms this represents 2.26
and 4.73 kJ/mol for the 90:10 and 80:20 mixtures, respectively [35].
This additional enthalpy must be associated with the transfer of
sphingomyelin from the pure gel phase to the cholesterol-rich
sphingomyelin phase. From results obtained from isothermal titration
calorimetric studies of the interaction of cholesterol with eggSM it has
been reported that bringing cholesterol into contact with eggSM is a
highly exothermic reaction with enthalpy values in the order of −20
and −13 kJ/mol for mixtures containing 20 and 30 mol% cholesterol,
respectively [50]. This enthalpy, resulting from the increase in the SM:
cholesterol ratio of the cholesterol-rich phase due to mobilization of
sphingomyelin molecules from the gel phase, must be factored into the
overall enthalpy associated with the broad component of the phase
transition endotherm. It is not possible to apportion the contribution to
the overall enthalpy of the broad component of the transition
endotherm to the perturbed gel phase transition of sphingomyelin
molecules and the enthalpy resulting from dilution of the cholesterol-
rich phase because at temperatures below 41 °C both processes take
place simultaneously. Moreover, it is possible that the more saturated
molecular species comprising the gel phase may have a dispropor-
tionate effect on the mixing enthalpy compared to the molecular
species comprising the cholesterol-rich phase at lower temperatures.
Thus saturated as opposed to unsaturated molecular species may exert
apposing inﬂuences on the interaction with cholesterol, a possibility
that must be considered in biological membranes where cholesterol is
exposed to a range of lipid molecular species.
A noteworthy feature of a comparison between the effect of
cholesterol on eggSM and brainSM is the ability of the respective gel
phases to exclude cholesterol. It is well known that bilayers formed
from brainSM undergo a gel to liquid-crystal phase transition at a
similar temperature to eggSM despite being constituted from longersaturated N-acyl chains (compare Figs. 3D and 7D). The reason for this
is that there are fewer intermolecular hydrogen bonds in bilayer
structures formed from brainSM compared to eggSM [51] and as a
consequence of the weaker cohesive interactions brainSM mixes
readily with other lipid molecules in both the ﬂuid and gel phases
[20,52]. The propensity of cholesterol to formhydrogen bondswith the
amide nitrogen of sphingomyelin to stabilize the interaction is
conjectural. Molecular dynamics simulation studies of binarymixtures
of sphingomyelin and cholesterol consistently show intermolecular
hydrogen bonding [53,54]. Experimental evidence comes from
electron spin resonance and infrared spectroscopy [55] which
demonstrate formation of intermolecular hydrogen bonds between
eggSM and cholesterol whereas such bonds were only observed in
solid-state NMR studies in brainSM:cholesterol mixtures in the
presence of relatively high molar proportions of cholesterol [56].
Clearly the polar head group of sphingomyelin [57], the hydrocarbon
chain conﬁguration [58] and other interfacial interactions [59] are
involved in the complex interactions between sphingomyelins and
cholesterol.
There are two possible explanations as to why Lo phase of
brainSM–cholesterol in equilibrium with gel phase has a higher
proportion of cholesterol compared with eggSM–cholesterol under
the same conditions. Firstly, the afﬁnity of cholesterol for a particular
molecular species of sphingomyelin may differ. As noted above these
differences may be subtle and at present have not been deﬁned. The
more likely explanation, however, is that the interaction between
sphingomyelin molecules in gel phase is less coherent with molecular
species of brainSM compared with eggSM. Our earlier study of the
competition between egg-phosphatidylcholine and sphingomyelins
from egg and brain concluded that strong hydrogen-bonds stabilize
the gel phase of eggSM whereas the long hydrocarbon chains of
brainSM prevents alignment of the polar group that is favourable for
intermolecular hydrogen bonding [20]. It follows from this that
Fig. 10. Partial phase diagram of eggSM–cholesterol. The diagramwas constructed from
published data: ×, [60]; +, [61]; O, [62]; □, [19]; V, [63]; ⋄, [21]; △, [17]; ▲, [64]; ■,
[36]; x, [40]; ▼, [65]; ●, present data.
Fig. 9. Plots of (A) WAXS d-spacings (B) scattering intensities and (C) amplitude/full
width at half maximum recorded from an aqueous dispersion of brainSM–cholesterol,
60:40 during a heating scan from 20° to 50 °C at 2°/min.
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differ in their stability because packing of the hydrocarbon chains can
interfere with intermolecular hydrogen bonding. This is the explana-
tion for the difference between phase transition behaviour of
diacylglycerophospholipids and sphingomyelins of deﬁned acyl
chain composition reported more than 30 years ago [36]. Further-
more, the factors which determine Tm of a particular molecular
species of sphingomyelin is the balance between the intermolecular
van der Waals and hydrogen-bonding interactions both of which are
determined by packing constraints in the hydrocarbon domain of the
bilayer. It should therefore be emphasized that the molecular
composition of Lo phase that has been determined from relative
WAXS intensity of gel and Lo phases refers only to that of the 80:20
mixtures of sphingomyelin at 20 °C. The composition of the Lo phase
clearly changes with temperature on approaching Tm of the gel phase
and also with molar ratio of cholesterol in the mixture reﬂecting
different interaction forces between the sphingomyelin molecules
comprising the gel phase in equilibrium with Lo phase in the
particular mixture.A consensus partial phase diagram of eggSM–cholesterol is
presented in Fig.10. The diagram has been constructed frompublished
data and incorporates the results of analyses of both SAXS and WAXS
conducted in the present study. A partial phase diagram of brainSM–
cholesterol is likely to be similar to that of eggSM–cholesterol system
with the exception that the composition of the Lo phase coexisting
with gel phase would consist of a correspondingly higher proportion
of cholesterol. Cholesterol apparently competes more effectively for
sphingomyelin in gel phase formed by brainSM than for eggSM in gel
phase despite the similarity in transition temperature from gel to ﬂuid
phase (Tm) of the two phospholipids.
The shaded area of the phase diagram indicates a regionwhere the
ability to distinguish phase coexistence depends on the biophysical
method employed. We have not been able to detect the presence of Lo
structure in mixtures of eggSM with proportions of cholesterol less
than 17 mol% using synchrotron X-ray and ESR spectroscopic
techniques [15]. Phase coexistence of Lo phase in pure DPPC-
cholesterol mixtures has been reported with proportions of choles-
terol of 7 and 10 mol% by 2H-NMR and differential scanning
calorimetry, respectively [66] and 2.5 mol% by Raman spectroscopy
[67].
It is common practice with phase diagrams of two component lipid
systems (water excluded) to describe the proportion of coexisting
phases along tie lines by application of the lever rule. In a recent
Raman spectroscopic study of binary mixtures of dipalmitoylpho-
sphatidylcholine–cholesterol a good ﬁt of the phase coexistence
region of the diagram to the lever rule was observed [67]. From the
data in Fig. 5B the proportion of gel and Lo phase in the 80:20 mixture
of eggSM and cholesterol the composition conforms to the lever rule
with a fraction of Lo phase of approximately 0.8. However, the
proportion of the two phases in themixture consisting of 90:10 eggSM
and cholesterol (Fig. 4B) is inconsistent with the lever rule and the
proportion of Lo phase on the tie line is almost the same as that
observed in the 80:20 mixture. The most likely explanation for failure
to conform to the lever rule in the presence of lower mole fractions of
cholesterol is that sphingomyelins from biological extracts are
comprised of a range of molecular species differing in length and
extent of unsaturation of the N-acyl fatty acid and are not strictly
binary lipid mixtures. Cholesterol is known to have greater afﬁnity for
saturated compared with unsaturated molecular species of phospho-
lipid [12] and as the proportion of cholesterol increases in the mixture
1888 P.J. Quinn, C. Wolf / Biochimica et Biophysica Acta 1788 (2009) 1877–1889Lo phase is formed from the more unsaturated molecular species with
which cholesterol has less afﬁnity.
Some observations can bemadewith regard to the results obtained
in the present study relevant to the interaction of cholesterol with
sphingomyelin in biological membranes. The transition between gel
and ﬂuid phase of most molecular species of sphingomyelins falls
close to physiological temperatures. The reason for this is because the
cohesive forces between the lipids are balanced by packing constraints
imposed by the hydrocarbonmoiety. Cholesterol exploits this poise by
removing those molecular species of sphingomyelin which have the
weakest cohesion from associating into gel phase. The dynamic nature
of this competition would create a mosaic of domains of differing
order that may provide subtle conditions of lipid order needed to
discriminate between particular membrane functions.
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